Previous reports indicate that the two-layer method (TLM) of human pancreas preservation is superior to University of Wisconsin solution (UW) when pancreata are preserved for extended periods (i.e., >24 h) prior to islet isolation. In this study, the efficacy of using the TLM for preserving pancreata for short periods (i.e., <13 h) was evaluated using both nonhuman primate and human pancreata preserved with a TLM kit precharged with oxygen. An oxygen precharged TLM (static TLM) was established and compared with the original TLM with continuous oxygen supply. For the static TLM, the perfluorochemical was fully oxygenated and the oxygen supply removed prior to pancreas preservation. In the primate model, pancreata were preserved by the static TLM, the original TLM, and UW for 5 h prior to islet isolation. In the human model, pancreata were preserved with the static TLM or the original TLM or UW for 4-13 h. Both primate and human pancreata were processed by intraductal collagenase injection and digestion followed by continuous density gradient purification to isolate islets. Islets were assessed for islet yield, purity, viability, and in vitro functionality. In the primate model, islet yield, viability, and in vitro functionality were significantly improved by both the static TLM and the original TLM with similar results. Postculture islet yields were 23,877 ± 3619 IE/g in the static TLM, 21,895 ± 3742 IE/g in the original TLM, and 6773 ± 735 IE/g in UW. In the human model, both the static TLM and the original TLM significantly increased islet yield compared with UW with postculture islet yields of 2659 ± 549 IE/g in the static TLM, 2244 ± 557 IE/g in the original TLM, and 1293 ± 451 IE/g in UW. Nonhuman primate and human pancreata stored in the static TLM, immediately upon procurement, yield isolated islets of a substantially higher quantity than when pancreata are stored in UW. Thus, the use of the static TLM should replace the use of UW for storage of pancreata during transport prior to islet isolation.
INTRODUCTION
Wisconsin solution (UW) storage in the canine model. Recent results from clinical trials are also showing The two-layer method (TLM) of pancreas preservapromising results for using the TLM prior to whole pantion prior to pancreas transplantation (4) and islet isolacreas transplantation (12) and islet isolation (7). tion (26) is reported to be superior to University of The TLM is especially important for preserving pan-creata prior to islet isolation because it helps to preserve location at the PFC/UW interface. The jar is closed and packed in ice for transport as normal. the organ, while cold storage of pancreata in UW results in deterioration of both islet isolation efficacy (9) and
Primate Model posttransplant islet function (22) . Recent data reported Primate Pancreas Procurement and Preservation. from the University of Minnesota indicated that human Under general anesthesia, donor pancreatectomy was pancreata should be preserved and transported using the initiated through a midline incision. After cessation of TLM immediately after procurement to minimize cold heartbeat, the whole pancreas was recovered with attached ischemic injury (7). However, the necessity of continuspleen and ligated duodenum. The pancreata were not ously oxygenating the perfluorochemical (PFC) during flushed. Warm ischemic time was defined as the time transport poses a challenge. from euthanasia to putting the pancreas in preservation During preservation by the TLM, a pancreas graft solution (range was between 0 and 11 min). utilizes oxygen from the PFC to continuously generate For oxygen tension measurements, four nonhuman ATP (13). Generated ATP is used to drive sodium/potasprimate pancreata were obtained from adult animals sium pumps to maintain cell integrity (25) and active euthanized at the Regional Primate Research Center at metabolism (11). Because PFC has high oxygen gas solthe University of Washington (Seattle, WA; supported ubility, we hypothesized that fully oxygenated PFC does by NIH grant RR00166). Each pancreas was trimmed not need to be continuously oxygenated during pancreas and approximately 5 g of pancreas was used for this storage. Based on this hypothesis, an oxygen-charged examination. static TLM kit was designed (static TLM) and tested. In For islet isolations, an additional 11 nonhuman prithe static TLM, the PFC is fully saturated with oxygen mate pancreata (Macaca nemestrina) were recovered prior to use. This feature makes the static TLM portable from adult animals euthanized at the Regional Primate and suitable for transportation by any standard method.
Research Center at the University of Washington (Table  In this study, isolated islets from both nonhuman pri-1). Macaca nemestrina was selected for this experiment mate and human pancreata that were stored in UW, the due the fact that pancreata from this species reliably prooriginal TLM, or the static TLM were compared.
vide large islets and high islet yields (5). When primate pancreata arrived at the Islet and Cell Processing Labo-MATERIALS AND METHODS ratory (ICPL), they were preserved for approximately 5 Design of the Oxygen-Charged Static h in UW, the original continuous oxygenation TLM, or Two-Layer Method the oxygen-charged static TLM (static TLM). For the static TLM, 100% oxygen was supplied into the PFC A pancreas locating carriage was designed and a layer for 30 min at the rate of 100 ml/min. To do this, method for preparing an oxygen-charged static TLM the spleen and excess fat tissue attached to the pancreas (static TLM) was developed for pancreas preservation graft were carefully dissected away, and pancreata were and transportation. The carriage is made of stainless transferred into a Nalgene container with PFC overlaid steel with a perforated plate and three adjustable legs.
with UW. Pancreata float between the UW and the oxy-One leg is hollow with a luer fitting at the top and a genated PFC. The whole system was surrounded by ice small hole at the bottom. This leg is used to deliver resand maintained at 4°C. For the original TLM, 100% piratory oxygen. Chilled, sterile PFC (perfluorodecalin oxygen was continuously supplied throughout the pres-C10F18, F2 Chemicals Ltd., Preston, Lancashire, UK) ervation period at a rate of 100 ml/min as previously is poured into a standard 1-L Nalgene jar, overlaid with described (12). Four pancreata were preserved using the UW (ViaSpan,  DuPont Pharma, Wilmington, DE) and static TLM, three pancreata using the original TLM, and the carriage placed into the solution. The weight of the four pancreata in UW only. Pancreata were weighed becarriage overcomes the buoyancy of the PFC, preventing fore islet isolation. Cold ischemic time was defined as the entire assembly from tipping over during oxygenthe time from putting the pancreas in the preservation ation. Respiratory oxygen is supplied through oxygensolution to the time of infusing collagenase solution. impermeable tubing, a 0.22-µm sterile syringe tip filter (Gelman Science, MI), and a 150-cm-long sterile exten-Oxygen Tension Measurement of PFC for Static TLM. The oxygen tension of fully oxygenated PFC was sion line that is connected to the luer fitting on the hollow leg. Oxygen flows through the hollow leg and out measured in the static TLM using a Clark-type oxygen electrode (13). The electrode was adjusted and cali-through the small hole into the PFC. The small hole makes small oxygen bubbles that oxygenate the PFC brated with 100% nitrogen and 100% oxygen to measure oxygen in the PFC. The electrodes responded linearly more efficiently than large bubbles. After oxygenation is complete, the pancreas is placed under the carriage when tested by immersion into PFC aliquots with oxygen content adjusted to be 0%, 10%, 20%, 30%, 40%, and the threaded legs adjusted to optimize the pancreas 50%, 60%, 70%, 80%, 90%, and 100% of complete sat-from relatives of brain-dead multiorgan cadaveric donors. Three human pancreata were obtained locally through uration. For each individual experiment, the electrodes were calibrated using 0% and 100% oxygen-saturated Life Center Northwest Organ Procurement Agency (UNOS region 6, Seattle, WA) for ATP measurements. perfluorodecalin aliquots. To mimic the clinical situation, 4.8 ± 0.5 g pancreata were placed between the lay-In addition, 18 human organ donor pancreata were obtained locally through Life Center Northwest for islet ers of 50 ml UW and 50 ml PFC. Oxygen tensions were measured for up to 18 h with and without primate pan-isolation. Five human pancreata were preserved with the static TLM, five pancreata with the original TLM, and creata (N = 4). eight pancreata with UW (Table 4 ). For the static TLM Primate Islet Isolation Method. Nonhuman primate group, the static TLM kits were delivered to the procureislet isolations were conducted based on Ricordi's ment site and the PFC was oxygenated with 100% oxymethod and modified as previously described (14,21, gen at 500 ml/min for more than 30 min. After removal 24). Briefly, enzymatic disaggregation was initiated by of the spleen and excess fat, each pancreas was put into intraductal collagenase solution infusion into the chilled the oxygen-saturated static TLM chamber. Human Pancreatic ATP Determinations. In order to Roche] (3, 6, 16) . Two lots of Liberase were used for the determine whether the static TLM effectively oxygenates static TLM group (Lot #85204720, #85210020), two human pancreata, tissue ATP levels were measured in lots were used for the original TLM group (Lot pancreas biopsies. Upon arrival at ICPL each human pan-#49079620, #90979620), and one lot was used for the creas was divided into three pieces. One piece from each UW group (Lot #85210020). Collagenase solution was pancreas was stored in the static TLM, the original TLM, infused at 4°C and, after successful distension, the proand the UW. Biopsies were taken at 0, 6, 12, and 18 h of cessing pan temperature was immediately raised to storage from each pancreas piece. The biopsies were fro-37°C. The progress of tissue disaggregation was monizen in liquid nitrogen and kept at −135°C until analysis. tored visually. When the pancreas was about half disag-
The tissue was then weighed (200 mg), pulverized, and gregated, chilled HBSS with 5% neonatal calf serum homogenized into a total volume of 3 ml ice-cold 0.5 N (Gibco BRL, Rockville, MD) was added, and the temperchloric acid. The pancreatic/perchloric acid homogeperature of the processing pan was adjusted to 4°C. The nate was centrifuged at 3000 rpm (2500 × g) for 5 min, disaggregated tissue was collected and washed three and samples of the supernatant were stored at −80°C. The times using chilled HBSS with 5% neonatal calf serum.
ATP content of the frozen supernatants was determined Islets were purified using histidine lactobionate soluas described by Adams using an ATP assay kit from tion (HL) and iodixanol (Optiprep, Nycomed Pharm, Sigma (Sigma Diagnostics, Inc., St. Louis, MO) (1). ATP Oslo, Norway) continuous gradients in a 250-ml conical measurements were adjusted to the total protein content tube (17, 24) . When stratification was complete, the pure of a given pancreas biopsy. The pancreatic/perchloric acid fraction was collected with pipettes into four, 250-ml pellet was dissolved in boiling hot 1 N sodium hydroxide conical centrifuge tubes that were prefilled with 90 ml (total volume was 10 ml) with 1.5-ml samples and stored of CMRL 1066 culture medium (Mediatech). Purified at 4°C until analysis. The protein measurements were obislets were washed three times with CMRL 1066 culture tained for each biopsy using a modified Biuret method medium.
(Sigma Diagnostics, Inc.) (18) . Purified islets (15000 IE) were cultured in 10 ml CMRL 1066 culture medium with 0.002% ciprofloxacin Human Islet Isolation Method. The isolation method (Bayer Corporation, West Haven, CT) and 10% FBS for human islets is basically identical to the primate islet (Gibco BRL) at room temperature without CO 2 for 24 h isolation based on Ricordi's method with some modiin a T75 flask (Sarstedt, Inc., Newton, NC).
fications as previously described (14, 15, 21, 24) . A roller-pump for intraductal collagenase infusion was Human Model used for human pancreata instead of a 60-ml syringe, which allowed for reinfusion of any collagenase solution Human Pancreas Procurement and Preservation. Human pancreata were obtained with informed consent that leaked from the pancreas. Three lots of Liberase were used for the static TLM group (Lot #85210020, reported as a stimulation index: SI = [insulin] 20 mM /[insulin] 5.6 mM . #49079620, #49091620), two lots were used for the original TLM group (Lot #85210020, #49079620), and Statistics four lots were used for the UW group (Lot #84648720, With respect to the statistical analysis of the data col-#85147720, #85204720, #49079620).
lected, values are expressed as mean ± SE. To compare Prior to human islet density gradient fractionation, a the data of three or more groups, ANOVA was used, simple density measurement of the pancreatic digestate followed by a post hoc test (Fisher's PLSD test). All was performed and the gradient density was adjusted acstatistical analyses were performed using Stat To determine whether the TLM could be used withpended particles was selected for the heavy density soluout continuous oxygenation during pancreas preservation. After determining the density of the heavy solution, tion, we first examined the rate of oxygen consumption human islets were purified by the continuous density when primate pancreata were placed in PFC precharged gradient using a COBE 2991 cell processor (Gambro with 100% oxygen for 30 min at a rate of 100 ml/min. BCT, Denver, CO) as previously described (17, 24) . Brief-
The level of oxygen tension of PFC in the absence of a ly, the digestate was gravity fed into the COBE 2991 pancreas was 97.8 ± 0.7%, 96.7 ± 1.1%, and 95.5 ± cell processor and centrifuged at 1000 rpm (200 × g).
1.5% at 6, 12, and 18 h, respectively, indicating that The system was bled of air, and the bottom solution and PFC maintains high levels of oxygen over an 18-h time digested tissue were overlaid with 250 ml of a continuframe ( Fig. 1) . Oxygen tension values of PFC containing ous density/gradient solution from a two-reservoir gradipancreata were 93.3 ± 0.9%, 89.2 ± 1.4%, and 85.5 ± ent former. The solution was pumped into the spinning 11.8% at 6, 12, and 18 h, respectively. Thus, the differcell processor at 60 ml/min, beginning with the high and ence between rates of oxygen depletion between PFC ending with the low osmolality and density gradient.
with and without pancreata were only slightly higher These layers were then finally "capped" by the addition of 60 ml of HL. When stratification was complete, the contents of the spinning COBE bag were collected into six 250-ml conical centrifuge tubes, prefilled with 90 ml CMRL 1066 culture medium (Mediatech). Purified islets were washed and assessed for yield, viability, and morphology.
Primate and Human Islet Evaluation
The primate and human islets were evaluated for yield and purity by dithizone staining as previously described (20). The viability of islets was evaluated using acridine orange (10 µmol/L) and propidium iodide (15 µmol/L) (AO/PI) staining before and after culture (2) . Fifty islets were examined individually to determine viability, and an average viability value was calculated. The in vitro function of cultured islets was evaluated using insulin release by glucose stimulation. Aliquots of 150 IE were incubated with 5.6 or 20 mM glucose in RPMI- for 2 h at 37°C with 5% CO 2 . Insulin concentration was tension maintained more than 95% of initial fully oxygenated analyzed with a human insulin ELISA kit (ALPCO tension, and with pancreata oxygen tension maintained more than 85% of initial fully oxygenated tension for up to 18 h. Data are presented as mean ± SE. The three groups were statistically compared using ANOVA. There was no significant difference among the three groups.
Insulin ELISA kit, Windham, NH). Insulin release was
with pancreata, indicating that primate pancreata con-bation showed that islets from the UW group had a significantly lower islet function than from either of the sumed relatively small amounts of oxygen, while the overall oxygen levels of the PFC remained sufficiently TLM methods. Together these results indicated that preservation of primate pancreata with the static TLM high for up to 18 h.
In the next series of experiments nonhuman pancreata was as effective as pancreata stored with the original TLM and superior to UW for short-term preservation. were stored for short periods in the TLM under continuous oxygenation (original TLM), the TLM with preoxy-Higher ATP Levels in Human Pancreatic Tissue genated PFC (static TLM), or with UW. No significant Preserved With the Static or Original TLM Than differences in age, body weight, pancreas weight, warm With UW ischemic time, and cold ischemic time among the three groups were noted (Table 1) . Islet yields in the digestate,
The average ATP concentration in human pancreatic tissue before storage was 6.7 ± 1.3 µmol/g protein (N = after purification, and after the islets were cultured for a period of 24 h, were significantly lower from pancreata 3) (Fig. 2) . After 6-h preservation in the static TLM, the original TLM, and UW, ATP levels were 5.0 ± 3.7, 6.5 stored with UW compared with pancreata stored with the static or original TLM. However, islet yields were ± 4.5, and 0.9 ± 0.7 µmol/g protein, respectively. After 12-h preservation, ATP levels in the static TLM, the similar between organs preserved with the static TLM when compared with the original TLM ( Table 2) . Islet original TLM, and UW groups were 7.3 ± 2.3, 6.4 ± 1.3, and 2.0 ± 1.1 µmol/g protein, respectively. After 18-h recovery rates after purification were similar among the three groups, and although the recovery rate of islets preservation ATP levels were 7.1 ± 0.9, 6.9 ± 1.0, and 2.0 ± 0.5 µmol/g protein in the static TLM, the original after culturing was lowest in the UW group, significance was not reached. Viability postpurification was signifi-TLM, and UW group, respectively. The poststorage values were significantly lower in the UW group compared cantly lower in the UW group and similar between the static TLM and the original TLM groups (Table 3) .
with the prestorage value after 6-h (p = 0.02), 12-h (p < 0.05), and 18-h (p = 0.03) preservation. Human pancre-After culture, the UW group had the lowest viability, even though there were no significant differences among atic tissue ATP levels were similar between the static TLM group and the original TLM group for up to 18 h the three groups. The stimulation index after static incu- Data are presented as mean ± SE. The three groups were statistically compared using ANOVA with post hoc test (Fisher's PLSD method). The static TLM group had significantly higher islet yield in pre-and postpurification and postculture compared with the static UW group. There was no significant difference between the static TLM group and the original TLM group. *p < 0.004. †p < 0.02. and both groups maintained prestorage value. These data among the three groups. Because the pancreata were initially preserved in UW followed by the original TLM indicate that the static TLM is as effective as the original TLM for maintaining the ATP levels of human pan-for the original TLM group, the total cold storage time was relatively longer than the other two groups but did creata, while UW is ineffective. not reach significant difference (Table 4 ). There were The Static TLM (Preoxygenated PFC) Is More no significant differences in age, body weight, BMI, or Effective for Preserving Human Pancreata Than UW pancreas weight among the three groups. Postpurification islet yield was significantly higher in the static TLM We next examined the efficacy of using the static TLM to preserve human pancreata by processing five group compared with the UW group. Postculture islet yield was significantly higher in the both static TLM human pancreata preserved with the static TLM, five pancreata preserved with the original TLM, and eight group and original TLM group compared with the UW group (Table 5 ). There were no significant differences in pancreata preserved with UW (Table 4 ). Cold preservation times in UW or TLM were between 4 and 13 h recovery rate postpurification and postculture. Viability Data are presented as mean ± SE. The three groups were statistically compared using ANOVA. There was no significant difference among the three groups.
postculture was similar among the three groups (81.5 ± cessfully isolated from pancreata preserved by the TLM for 24 h without continuous oxygenation (8). Conse-6.7% in the static TLM group, 94.8 ± 1.6% in the original TLM group, and 89.1 ± 3.2% in UW group, p = quently, we developed the static TLM for large-animal and human pancreas transportation. First, the capability 0.18). Stimulation index was also similar among the three groups (2.5 ± 1.0 in the static TLM group, 2.5 ± of PFC to oxygenate pancreata was assessed without continuous oxygenation (PFC was fully oxygenated 1.3 in the original TLM group, and 2.0 ± 0.2 in UW group, p = 0.75).
prior to use in the static TLM). Oxygen tension in PFC clearly showed that PFC maintained high oxygen ten-DISCUSSION sion without continuous oxygenation for up to 18 h (Fig. 1) . The current success of allogeneic islet transplantation demonstrated by the University of Alberta still needs Next the static TLM was compared with both the original TLM and UW alone, using nonhuman primate further research to eliminate the need for two or more pancreata to cure one diabetic patient (23) . Previous data pancreata. As expected, the islet yield, viability, and functionality were very similar between the static TLM suggest that the TLM can improve human islet isolation (15) , and preliminary data from Minnesota show that and the original TLM. In addition, both the static TLM and the original TLM were substantially superior to UW islet transplantation from one donor pancreas can cure one diabetic patient when the pancreas is preserved by storage ( Table 2 ). Viability and in vitro functionality were also improved by both the static and original TLM. the TLM (7). Minnesota's data also suggest that a pancreas should be immediately preserved by the TLM.
Together these results indicate that even for short-term preservation (5 h), the static TLM is as effective as the Because the original TLM requires that oxygen be continuously supplied to the PFC, transportation of a pan-original TLM and clearly superior to UW. In order to confirm that the static TLM can oxygenate creas with the TLM is very difficult. Thus, in this study we introduced the use of the static TLM for preserving a human pancreas without continuous oxygen supply, pancreatic tissue ATP levels were measured during pres-and transporting organs.
In a rodent model, it was shown that islets were suc-ervation. Both the original TLM and the static TLM Data are presented as mean ± SE. The three groups were statistically compared using ANOVA with post hoc test (Fisher's PLSD method). The static TLM group had significantly higher islet yield in postpurification and postculture compared with the UW group. The original TLM group had significantly higher islet yield in postculture compared with the UW group. *p < 0.04. †p < 0.001. ‡p < 0.01.
